duced in proestrus-estrus. In Wistars, increased risk taking and decreased risk assessment behaviors were observed during proestrus-estrus. Increased immobility in the FST, indicative of learned helplessness was not influenced by phase in the WKY, which was at variance with Wistars that demonstrated phase-specific differences. Conclusion: Results indicate a masking effect of indicative hormones in this putative model of adolescent depression, with implications for an unravelling of the steroid milieu in predisposed adolescent depression and for taking phase-specific time windows into account for therapeutic interventions.
, for instance, hyper-reactivity to stress and dysregulation of the hypothalamo-pituitary-adrenal (HPA) axis. When compared to the Wistar strain, adrenocorticotropic hormone and corticosterone levels are increased [6] . They also exhibit neurochemical abnormalities in several systems (dopaminergic and noradrenergic), with reduced levels of monoamines, as indicated in depression, as well as in peripheral hormones such as the thyroid stimulating hormone [7, 8] .
Thus, the WKY is said to be a good model for endogenous depressive behavior [8, 9] . Their impaired adaptive capability makes them more susceptible to depressive behaviors. WKY rats show increased immobility in the forced swim test (FST), which is reflective of their helplessness, and are also prone to develop stress-induced anxiety-like characteristics [10] . This strain of rat was selected for our study as there are only few studies on the depressive aspects of this strain. More studies exist of it being used as a control for the spontaneously hypertensive rat. But they also harbor heterogeneity not found in other inbred strains, including greater behavioral and genetic variability [8] .
Psychiatric disorders, such as depression manifestation during adolescence, have a genetic basis, though the wide-ranging changes occurring at the neuronal level, including remodelling of circuitry and influence of hormones, render the adolescent developing brain highly vulnerable to experiential inputs [11] . These changes that occur during puberty include increased levels of steroidal and other hormones, [12] increasing connectivity of social-and emotion-related areas, particularly the hippocampus, amygdala, prefrontal cortex, etc., that modulate behavior [13] . Female predisposition to depression arises from such organizational effects of sex hormones during brain development with enhanced depression-like behavior being shown in females [11] .
As most animal studies on depression and anxiety use males [14] , due to the variability of female behavioral and brain data induced by inherent hormonal fluxes [15] , limited insights have been gained into stress-reactivity, depression, and anxiety profiles in females [16] . Furthermore, most female studies have used adults [3] . Very few studies use adolescent females [17] ; most adolescent studies involving pups at 30-40 days of age (prepubertal) include both sexes [7, 18] with no differences being shown between adolescents and adults [19] . However, sexually dimorphic gene expression differences exist prior to puberty with sex hormones acting as transcriptional regulators causing abundant gene expression differences between sexes [11] .
Preclinical models are required for use in translational research, particularly in human affective disorders, such as anxiety and depression, where females are proven to be more vulnerable [11] . The effects of a dysfunctional HPA axis and precipitation by stressors are more profound in females [6] . A series of studies have demonstrated that fundamental differences exist in the behavioral and neural responses by males and females to environmental stressors [3, 16] . Differences between males and females are more profound as a result of stress, with females demonstrating a greater corticosteroid response to acute stress than males, and increased susceptibility to learned helplessness following stress [1] . Such sex differences in factors that may trigger depression indicate that these should be considered systematically in developing an appropriate animal model.
In order to establish biologically based diagnostic criteria for anxiety and depression, animal models are indispensable as they provide a way to study functioning brain tissue. Although animal models of psychiatric disorders have limited ability to model human psychiatric symptoms, the potential to demonstrate the neural consequences of genetics, developmental, and potential environmental variables is great [20] . A common psychopathological pathway underlies the high comorbidity between depression and anxiety disorders [21] , though expression of some neuropeptide biomarkers could enable a differentiation between anxiety and depression [22] . Moreover, in our earlier study, no correlations were obtained between anxiety-and depression-related behaviours in WKY [17] , hinting at a probable separation of anxiety-and depression-related symptoms [23] . Core symptoms such as anhedonia and learned helplessness are not specific even in humans [24] .
Though the classical clinical features of comorbid human depression and anxiety disorders are of the subjective order, a series of objective readouts (DSM-V) [23] have been developed in animal models of depression such as learned helplessness, FST, chronic restraint stress, anhedonia, etc. [16, 24, 25] . The FST is the primary behavioral paradigm that measures the helplessness in rodents and has been extensively used for the characterization of depression-like behavior in animal models as well as reversal of depression-like behavior on treatment with antidepressants [26] , while the elevated plus maze (EPM) measures anxiety. The validity of using these behavioral paradigms to probe molecular changes associated with the development of depression (endogenous or environmentally induced) is substantiated by successful reduction of depression-like behaviors/anxiety levels by antidepressant treatments in both paradigms [27] .
Sex differences in affective disorders and hormonal modulation of affective disorders provide an important window into the pathophysiology of anxiety and depression, the basis for the current study on estrous phase-specific changes in depression-and anxiety-like behaviors during adolescence. In the luteal phase of the estrous cycle, HPA responsiveness increases, and glucocorticoid feedback sensitivity and brain γ-aminobutyric acid content decreases indicating destabilization of homeostatic systems in predisposed individuals. Many studies have pointed to reduced vulnerability to the effects of stressors in females as compared to males. However, sex-related mood disorders, anxiety-and depression-like profiles predominate in females than in males [3] . Often gender-specific differences do not arise as estrus cycle is not taken into consideration, but it needs to be considered as a contributing factor in gender-specific differences in stress responses.
Estrous is a 4-day cycle which includes a diestrus 1 or metestrus phase during which mating occurs when the animal is said to be in heat or sexually active. Metestrus predominantly has activity of progesterone, while estrogen levels go down. Diestrus 2 proper is the corpus luteal phase. While metestrus lasts about 21 h, diestrus lasts for 57 h. During proestrus, under the influence of estrogen, ovarian follicles develop toward the end of proestrus. On the day of proestrus, estrogen peak is observed at around 11 a.m. Proestrus and estrus last 12 h each. A luteinizing hormone (LH) surge also occurs during estrus. By midnight, there is surge of progesterone, LH, and follicle stimulating hormone followed within 3-4 h by ovulation. In the absence of mating, the luteal phase progresses under the influence of progesterone [28] [29] [30] . Here, we screen for anxiety-like behaviors in the EPM and depression-like profile in the FST in 2 phases of estrus, viz., diestrus 1, 2, and proestrus-estrus in the WKY rat.
Methods

Breeding
Adult male and female Wistar Kyoto (WKY) and Wistar (WIS) rats were procured from the National Centre for Laboratory Animal Sciences, National Institute of Nutrition, Hyderabad, India. Wistars and WKYs were housed separately in groups on paddy husk bedding in polypropylene cages (43 × 27 × 15 cm) under standard laboratory conditions with food and water provided ad libitum. Six pairs of each strain (Wistar and WKY) were used for breeding. In order to synchronize the phases of the estrous cycle, females were housed adjacent to males for 2-3 days. Monogamous mating system was followed and after approximately 3 weeks, males were separated from the females. Within the next 3-4 days, litters ranging from 10 to 13 pups were delivered.
Sexing of Pups
On postnatal day 21, the pups were weaned from the dam and separated based on their sex. Sexing was carried out by manual measurement of the distance between anus and genital openings, with females being identified by the shorter distance. Each litter had an approximate male to female ratio of 6: 4. One female pup from each litter was taken in order to avoid litter effects.
Experimental Subjects
Pups were maintained in groups of 6 per cage till they attained the age of postnatal day (P) 58 ( ∼ P58 or P58 ± 1). The housing room was maintained on a 12-h light/dark cycle and ambient temperature of 25-27 ° C. The animals were handled and habituated to the recording laboratory environment consecutively for 3 days before the experiments began. All the experiments were conducted in the light cycle (8: 00-13: 00 h), and in accordance with the ethical guidelines for animal experimentation given by the Committee for the Purpose of Control and Supervision of Experiments on Animals, Government of India, and cleared by the Institutional Animal Ethics Committee.
Identification of Phases of Estrous Cycle
Vaginal lavage method was followed to determine the estrous phases in the rats from postnatal day 42 (P42) onward. Samples for the morphological studies were collected every day between 8.00 and 10.00 a.m. and 15 min before each behavioral recording (see below). Vaginal secretions were collected with micropipette containing 200 μL of 0.9% NaCl by inserting the tip into the vagina. One drop of vaginal fluid was placed onto a clean glass slide and smeared. Unstained smears were observed with a Leica DM2500 microscope and photomicrographs of the estrous cycle stages taken with a Leica Peltier cooled Digital Camera (DFC425). Alternatively, smears were also stained with hematoxylin-eosin to enable differentiation of the stages.
Behavioural Recordings and Analysis
The experiments were carried out during late adolescence (approximately postnatal day 60/ ∼ P60) in both female Wistar and WKY rats. Animals were tested on selected behavioral paradigms for anxiety and depression, that is, EPM on P58 ± 1, habituated to the FST on P59 ± 1 and tested on P60 ± 1. Unconditioned/spontaneous behaviors in the EPM and FST were recorded using the Panasonic WV CP500 CCD video camera fed to a Piccolo frame grabber card and analyzed using Ethovision XT version 8.0 ® (Noldus, Netherlands). All recordings were done for 5 min under 7.8-8.0 L × light intensity.
Elevated Plus Maze
The EPM apparatus, made of acrylic (black) consisted of 2 open arms (50 × 10 cm) and 2 closed arms with no roof (50 × 10 × 40 cm) held at right angles to each other with an open square (10 × 10 cm) in the center. The maze was elevated 50 cm above the floor. The animals were placed in the center, facing the same open arm each time. The maze was cleaned thoroughly between each trial. EPM parameters, such as time and entries into the open arm and closed arm, distance travelled and latency, were automatically scored in real time by the system during data acquisition. Rearing and dipping frequencies were scored manually from the video recordings. Anxiety index, which was calculated as 1 -(open arm entry/total entry + open arm duration/total duration/2) [31] , considers open arm entries and duration in relation to total entries and total duration. Non-classical, anxiety-related, or ethological parameters such as risk assessment was measured by head dips which were defined as an attempt to look "under" the maze with the head pointing toward the floor from the open arm [32] , or stretch-attend postures (SAPs) defined as stretching of the body to look into the open arms of the apparatus with only head and forelimbs forward before entering (or not) from the secured area, such as closed arm [32] . Rearing frequency, which is a measure for exploratory behavior, was defined as the animal rising on the hind limbs, both touching and not touching the wall, as protected and unprotected [33] .
Forced Swim Test
The apparatus was made of a round bucket with a diameter of 40 cm and height of 44 cm. Water was filled up to 32 cm from the base with water temperature maintained between 25 and 28 ° C. FST was carried out as per the procedure previously described [34, 35] with minor modifications [14, 17] . The procedure consisted of 2 days of testing. On the first day, the animal was habituated in the FST apparatus for 10 min and the testing was carried out for 5 min 24 h after the habituation exposure. After each trial, the animal was wiped with a towel and the body dried under the lamp to prevent hypothermia. In the FST, the time spent by the animals in passive behavior (floating) called immobility, which was defined as the lack of motion of the whole body, and active behaviors (swimming and climbing) along with the latency to the first immobility were scored automatically in real time by the system during data acquisition. Ethovision settings that differentiated between immobility, swimming, and climbing behaviors have been validated manually [14, 17, 36] .
Statistical Analysis
Data are expressed as mean ± SEM. Two-way analysis of variance (ANOVA) was carried out to determine the main effects of strain and phase as well as strain × phase interactions. Post tests were used to determine significant differences between individual means, either of strain or of estrous cycle phases. The level of significance was defined as p ≤ 0.05.
Results
The characterization of each phase in the estrous cycle was made based on the proportion of 3 different cell types observed in the vaginal smear, namely epithelial cells (round and nucleated cells), cornified cells (anucleated irregular cells), and leucocytes (small round cells). Metestrus (D1) smear consisted of same proportion of epithelial cells, cornified cells and leucocytes ( Fig. 1 a) , diestrus (D2) smear majorly consisted of leucocytes ( Fig. 1 b) , proestrus (P) smear consisted of a predominance of nucleated epithelial cells ( Fig. 1 c) , and estrus (E) smear primarily consisted of cornified cells ( Fig. 1 d) . Only the females which were cycling normally with a mean duration of 4-5 days were used for the behavioral studies. Rats in metestrus and diestrus (D1 + D2) were considered as 1 group, while rats in proestrus and estrus (P + E) were considered as the other group.
Elevated Plus Maze
During late adolescence (P58 ± 1), all the behavioral variables assessed in the EPM demonstrated significant strain-specific and/or estrous phase-specific differences. Overall, rats did not demonstrate any significant differences in locomotion between strains or phases, though generally they showed increased locomotion during the proestrus-estrus (P + E) than in the diestrus (D1 + D2) phase as demonstrated by a trend toward significance in the main effect of phase (2-way ANOVA: phase: F (1,18) = 3.48; p = 0.0785; strain: F (1,18) = 0.02; p = 0.8941; strain × phase interaction: F (1,18) = 0.00; p = 0.9638).
The P + E phase induced an overall decrease in anxiety levels by increasing open arm time and open arm entries with a corresponding decrease in closed arm time and closed arm entries in both strains. Ethological parameters such as head dips and SAPs were also increased in P + E phase, while rearing frequency, which is indicative of exploratory behavior, was variably affected. For strain-specific and phase-specific differences in open and closed arm entries and duration, locomotion, anxiety index, rearing frequencies, head dips, and SAPs ( Table 1 ) . ( Fig. 2 a) . A significant main effect of phase (F (1,15) = 26.88; p = 0.0001) was also observed with Wistars exhibiting a significant ( p < 0.001) increase in open arm duration during the P + E phase when compared to the D1 + D2 phase (2-way ANOVA: strain × phase interaction: F (1,15) = 7.06; p = 0.0179).
Open/Closed Arm Time
Closed arm time (%) results showed a significant main effect for strain (F (1, 14) = 15.03; p = 0.0017) with WKYs demonstrating significant increased ( p < 0.05) closed arm time in the P + E phase when compared to Wistars. A significant main effect for phase (F (1, 14) = 61.74; p < 0.0001) was also observed with WKYs demonstrating a significant ( p < 0.001) increase in closed arm time during the P + E phase, while Wistars demonstrated a significant ( p < 0.001) decrease on testing in the same phase (2-way ANOVA: strain × phase interaction: F (1, 14) = 0.27; p = 0.6129). *** Indicates significant differences between the strains -Wistar (WIS) and Wistar Kyoto (WKY) during diestrus (D1 + D2) and proestrusestrus (P + E) phases of estrous cycle. $, $$, $$$ Indicates significant differences in the same strain during diestrus (D1 + D2) and proestrus-estrus (P + E) phases of estrous cycle. p < 0.05, p < 0.01, p < 0.001.
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Ann Neurosci 2017;24:136-145 DOI: 10.1159/000477151 141 during P + E phase when compared to phase-matched Wistars ( Fig. 2 b) . A significant main effect of phase (F ( A significant main effect of strain (F (1,14) = 13.08; p = 0.0028) was observed for rearing behavior, with WKYs demonstrating significantly ( p < 0.001) increased rearing frequency during D1 + D2 phase when compared to ageand phase-matched Wistars. WKY rats demonstrated a significantly lower ( p < 0.01) rearing frequency during P + E phase than during D1 + D2 phase (2-way ANOVA: phase: F (1,14) = 1.97; p = 0.1826; strain x phase interaction: F (1, 14) = 4.52; p = 0.05).
A significant main effect of strain (F (1,15) = 45.94; p < 0.0001) in SAPs was observed with significantly increased SAPs in WKYs during P + E phase ( p < 0.01) when compared to age-and phase-matched Wistars. A significant main effect of phase (F (1,15) = 2.87; p = 0.1108) was also demonstrated with a significant decrease ( p < 0.01) in Wistars during P + E phase when compared to the diestrus phase (2-way ANOVA: strain × phase interaction: F (1,15) = 11.88; p = 0.0036).
Forced Swim Test
More than half of the test period was spent in climbing, while the remaining constituted time spent in swimming and being immobile. No differences in swimming behavior between strains and between phases of the estrous cycle were observed ( Table 2 ) A significant main effect of phase (F (1,15) = 11.58; p = 0.0039) for time spent immobile was demonstrated with a significantly reduced immobility in Wistars during the P + E phase in relation to the D1 + D2 phase ( Fig. 3 a) . A significant main effect of strain (F (1,15) = 10.31; p = 0.0058) was also observed with WKYs exhibiting significantly increased ( p < 0.05) immobility in the P + E phase when compared to age-and phase-matched Wistars (one-way ANOVA: strain × phase interaction: F (1,15) = 0.53; p = 0.4767).
Latency to immobility, which is the time taken by the animal in seconds to exhibit first immobility was very significantly increased when tested in the P + E phase in both strains. Significant main effects of strain (F (1,18) = 10.13; p = 0.0051) and phase (F (1, 18) = 74.44; p < 0.0001) were exhibited with strain x phase interaction (F (1,18) = 8.15; p = 0.0105). Both WKY and Wistars demonstrated phase-specific differences with significant increase ( p < 0.01) in WKY and in Wistars ( p < 0.001) in the P + E phase. However, the latency of WKYs was significantly Data are expressed as mean ± SEM. n = 6 in each group. Data are expressed as mean ± SEM. One-way ANOVA statistics are shown. * , ** Indicates significant differences between the strains -Wistar (WIS) and Wistar Kyoto (WKY) rats during diestrus (D1 + D2) and proestrus-estrus phases (P + E) of estrous cycle.
$, $$, $$$ Indicates significant differences in the same strain during diestrus (D1 + D2) and proestrus-estrus phases (P + E) of estrous cycle. p < 0.05, p < 0.01, p < 0.001. immobility. ** Significant difference between WIS and WKY during proestrus-estrus phases (P + E) of estrous cycle, p < 0.01, t = 3.799. $$$ Significant difference in Wistar during diestrus (D1 + D2) and proestrus-estrus phase (P + E), t = 8.342; p < 0.001. $$ Significant difference in WKYs during diestrus (D1 + D2) and proestrus-estrus phase (P + E), t = 3.716; p < 0.01. lower ( p < 0.01) than that of Wistars ( Fig. 3 b) for strainspecific and phase-specific differences in immobility, swimming, and climbing behaviors and latency to immobility ( Table 2 ) .
Discussion
Puberty, which is marked by the onset of the estrous cycle begins around P42 in WKY, so P58-60 ± 1, during which these tests were conducted would correspond to late adolescence, as some [15] consider with adolescence extending upto P60, though others [37] already consider P60 as young adult. The WKY rats demonstrated no phase-specific differences in open arm duration or entries with no corresponding change in anxiety levels, indicating that hormonal modulation, particularly of estrogen, may be masking the anxiety profiles normally demonstrated in the WKY. This is significant, as the Wistar readouts suggest that behavioral indices of anxiety do vary across the various phases of the estrous cycle, with the proestrus-estrus phase demonstrating significantly increased open arm duration and entries and therefore reduced anxiety levels. During diestrus too, WKYs demonstrate reduced open arm entries when compared to ageand phase-matched Wistars. The modulatory effects that ovarian hormones have on behavioral indices of anxiety have been studied, but not in a depression model. Estradiol (E2) is high in proestrus, while no significant difference exists in progesterone levels. E2 was found to significantly affect open arm time [38] though no other effects have been demonstrated. Our results demonstrate additional phase-specific differences in anxiety-related measures as well as ethological measures in Wistars and we have extended the same to a putative depression model, the WKY.
Irrespective of the phase they were tested in, the WKY demonstrated increased closed arm entries. Closed arm time was reduced during proestrus-estrus, with a corresponding decrease in rearing frequency. During diestrus, on the contrary, WKY demonstrated more rearing than Wistars, which is again a consequence of increased closed arm time. Among the non-classical ethological measures, testing during proestrus-estrus phase induced a significant increase in head dips (increased risk-taking behavior) in Wistars, while they were significantly reduced in WKY. SAPs, where the animal's body is still in the "safe" zone (here closed arm) and therefore indicative of risk assessment were higher in both phases in the WKY indicating higher levels of behavioral inhibition, which also manifests itself by a reserved response or general inactivity in the face of novelty [39] . This low behavioral activity was accompanied by reduced emission of ultrasonic vocalizations, which are important social communication tools for rodents and have been correlated to lower basal levels of serotonin when compared to other strains [39] .
E2 administered during diestrus had the same effect on open arm time as when tested during proestrus, leading to lowered anxiety levels in proestrus than diestrus indicating that E2 modulates this response [38] . That open arm exploration of the plus maze varied according to the stages of the estrous cycle and has also been shown by others [40] , where light intensity modulations were used. A high light intensity induced a small increase in open arm exploration in metestrus, while low light intensities with anxiolytic-like effects increased open arm exploration in proestrus and estrus. Sensitivity to this effect may have been higher during proestrus and estrus proving that it may prove detrimental to drug studies if phases of the estrous cycle are ignored in the analysis. Progesterone was found to increase open arm exploration under high light conditions. Assessing reproductive status or stages in rats is important, as they exhibit a clear and well-defined estrous cycle with reduced disruptions even with the routine stress in the animal facility [34, 41] .
In the FST, the WKY demonstrated increased immobility, irrespective of the phase tested in, exhibiting learned helplessness in a stress-inducing context, an effect which was more prominent in proestrus-estrus phase, despite increased levels of ovarian hormones, indicating again a masking effect of E2, since the Wistars demonstrated a decrease in immobility. The WKY, therefore, has been suggested as a model to define an organism's response to stress and that the greater vulnerability of the proestrus-estrus WKY rat indicates that the steroid hormone milieu may be responsible for behavioral differences in addition to the ones programmed in early development [3] . However, swimming behavior was not affected by phase and was comparable in both strains. Climbing was significantly increased in proestrus-estrus in Wistars, while in WKY again no change was observed. Latency to immobility, which was increased in both strains in proestrus-estrus could have been modulated by ovarian hormones. The strain differences observed could be due to the WKY being more inherently susceptible to stress as shown in ulcers induced by restraint stress [3] indicating that strain-specific differences in stress reactivity do exist.
The behavioral response in FST is compared with despair or helplessness in depressed humans and though it has low face validity, it has demonstrated high predictive validity for antidepressant screening [42] . Other studies, however, suggest that antidepressants either had no effect on stress-induced increase in anxiety behaviors [20] or the antidepressant response in WKY was inconclusive [27] . Phase-specific FST behaviors could operationally define behavioral depression as adult WKY females were found to be emotionally reactive, and based on the phase tested in, demonstrated variable stress responses and behavioral depression [3] . Proestrus-estrus females were found to be less active in the FST, demonstrating an increased depression-like profile indicating that established pathways are modulated by hormones [3] . The results of increased learned helplessness or behavioral despair observed here in late adolescent WKYs was not evident in early and mid-adolescent WKY females when they were compared to the progenitor Wistar strain [17] . Whether the ovarian hormonal milieu enhances the observed stress response or as discussed earlier is masked in WKY remains to be established. However, the results do indicate that the WKY do constitute models of adolescent depression with key criteria from our own [43] and other studies [2, 7] validating this. Moreover, when exposed to FST after acute stress, females demonstrate a greater corticosteroid response than males indicating increased susceptibility to learned helplessness.
Evidence supporting face validity would be provided by increased anxiety index, increased learned helplessness, and increased anhedonia. Two of these have been demonstrated here for adolescent WKY females. Other studies have returned hypoactivity in open field [44] and increased locomotor activity under methylphenidate administration which increases immediate early gene NG-FI-B mRNA acting via dopamine receptor subtype 2 (D 2 ) in accumbens and striatum [45] . During adolescence, there is an increased expression of glucocorticoids, and estrogen has been shown to suppress neuronal overproduction in female prefrontal cortex, so that synaptic pruning during adolescence may unmask underlying predispositions [46] .
From the results of this study, it emerges that the female adolescent WKY rat is stress-sensitive, exhibits anxiety-related and depression-like behaviors indicative of endogenous hormonal abnormalities and therefore can be used as an animal model of depression. In particular, hormonal-based differences have been dissected out here in the estrous cycle, underlying the fact that animal models are indispensable for such as venture, especially when there is a need to understand underlying neurobiological phenomena and the search for new treatment approaches.
